Introduction
Lung cancer is the most common malignancy and the leading cause of death worldwide. 1 It is also the most frequently diagnosed cancer in men, accounting for 16.7% of the total cancer cases. 2 For the efficient treatment of lung cancer, cisplatin (CDDP)-based chemotherapy has been demonstrated as the backbone in clinics. 3 Unfortunately, the success of chemotherapy is hindered by severe systemic toxicity and the development of multidrug resistance (MDR). MDR of CDDP can result from numerous mechanisms, which may be divided into the following categories: decreased cellular uptake of CDDP, increased cellular efflux of CDDP, increased DNA repair, and altered drug inactivation. 4 Liposome can effectively bypass drug efflux through nonspecific or specific endocytosis, which suggests the potential for MDR reversal. 5, 6 Interestingly, only a few studies have reported about the use of liposomal CDDP to circumvent tumor resistance, and the corresponding mechanisms still remain elusive. 7, 8 More importantly, 
442
song et al the weak cellular uptake and insufficient intracellular drug release of liposomal CDDP present a major obstacle for MDR reversal. For instance, Carvalho Júnior et al 9 showed that stealth pH-sensitive liposomes were effective in GLC4/ CDDP. However, dense hydrophilic poly(ethylene glycol) shells hindered the penetration and endocytosis of these stealth pH-sensitive liposomes, resulting in weak cellular uptake. Moreover, the resistant mechanisms of these stealth pH-sensitive liposomes are still unknown. SPI-077, a sterically stabilized liposomal CDDP, exhibited MDR phenomena and poor clinical efficacy because of the insufficient intracellular drug release. 10, 11 To resolve the aforementioned problems, 3-octadecylcarbamoylacrylic acid-CDDP nanocomplex (OMI-CDDP-N)-based liposomes (OCP-L) were designed to circumvent the MDR of CDDP. The criticality factor of OCP-L in effectively circumventing MDR was the introduction of a functional OMI. First, OMI had the intrinsic ability to chelate active platinum through an acid-labile monocarboxylato and an O→Pt coordinate bond. Previously, we demonstrated that OMI-CDDP-N was more efficient than CDDP because of the unstable monocarboxylato and an O→Pt coordinate bond. 12 Second, the "perturbation" effect of OMI could increase the permeability on the cell membrane, resulting in much more intercellular uptake of active platinum and OCP-L. Third, the lipophilic octadecyl tail of OMI had a notable inhibition effect on the expression of efflux transporters, which could increase accumulation and suppress active platinum efflux in drug-resistant cancer cells. Furthermore, once uptaken into the acidic environment of the endosome, the OCP-L could efficiently release active platinum into cytoplasm to exert therapeutic effect because of the acid-labile monocarboxylato and an O→Pt coordinate bond. In this study, the potential of OCP-L in reversing MDR was evaluated in a CDDPresistant human lung cancer cell line (A549/CDDP). The cellular uptake and distribution, cellular uptake kinetics, cell apoptosis, and in vitro cytotoxicity were observed in A549/ CDDP and compared with commercial CDDP injection (CDDP-S). In addition, the possible mechanisms of OCP-L to reverse MDR were also performed.
Materials and methods Materials
OMI-CDDP-N was previously synthesized and characterized by our group. 12 13 Preparation of Dir-labeled OcP-l OCP-L was prepared and characterized according to the method previously reported by our group. 12 The Dir-labeled OCP-L was also prepared as OCP-L. Briefly, Dir, soybean phospholipids, and cholesterol were dissolved in organic solvent and then an aqueous solution containing OMI-CDDP-N was added to the lipid mixture. This mixture was then immediately emulsified with a probe-type sonicator (JY92-2D Sonicator, Xinzhi Biotech Co., Ltd., Ningbo, People's Republic of China) to form water/oil-type emulsion. The emulsion was dried down to a semi-solid gel in a rotary evaporator at 40°C. The volume of the resulting gel was then adjusted with aqueous solution, and the resulting liposome was sterilized by passing through a 0.22-μm filter. The blank liposomes (OP-L) were also prepared as described for Dirlabeled OCP-L except for the absence of Dir and CDDP.
cell uptake
To measure the amount of platinum in cells, A549/CDDP cells (1×10 5 cells/well) were treated with OCP-L-1 (OMI: 0.4%), OCP-L-2 (OMI: 0.6%), OCP-L-3 (OMI: 0.8%), or CDDP-S at a CDDP concentration of 4 μM for 48 h. After that, the cells were rinsed and lysed. Then, the cell lysates were digested in H 2 O 2 (30% vol %) and HNO 3 (68% vol %) and diluted in water to a final acid content of 5%. The bicinchoninic acid protein assay kit was used for measuring the protein amount, while the platinum concentration was determined by 7900 inductively coupled plasma mass spectrometer (ICP-MS) from Agilent Technologies (CA, USA). The data of protein amount and platinum concentration were 
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OMi-cDDP-n-loaded liposomes for cancer therapy determined three times. The cellular uptake was expressed as ng of platinum/mg of protein.
For high-content analysis, A549/CDDP cells were treated with Dir-labeled OCP-L-1 and OCP-L-3 at a CDDP concentration of 4 μM for 48 h. The intracellular distribution of Dir-labeled OCP-L was observed in the high-content analysis images (Image Xpress Micro, USA) obtained after staining nucleus with 4′,6-diamidino-2-phenylindole (DAPI).
cellular uptake kinetics of OcP-l
The A549/CDDP cells were seeded in six-well plates for 24 h and incubated with OCP-L-3 or CDDP-S for 15 min and 2, 4, 8, 12, 24, and 48 h, respectively. The treated A549/ CDDP cells were rinsed three times with phosphate-buffered saline (PBS) and then harvested by trypsinization. After the cells were collected, the platinum concentration in the cells was determined by ICP-MS three times.
endocytosis pathway
The A549/CDDP cells (1×10 5 cells/well) were seeded in six-well plates for 24 h. After incubation with the specific endocytosis inhibitors for 2 h at 37°C, the Dir-labeled OCP-L-3 was added to each well of the culture dish. The blank control cells were incubated with the same concentration of Dir-labeled OCP-L without the endocytosis inhibitors. The obtained single-cell suspension was identified by a Becton Dickinson and Company, FACS Calibur Cytometer (Franklin Lakes, NJ, USA).
cell apoptosis determination
A549/CDDP cells were seeded in six-well plates and treated with CDDP-S or OCP-L-3 at a CDDP concentration of 32 μM for 48 h. After incubation, the cells were washed twice with PBS and suspended in 500-μL binding buffer. The untreated cells were used as the control. For measurement of apoptosis, cells were stained with 5-μL Annexin V-APC and 5-μL 7-AAD according to the manufacturer's instruments. Cell apoptosis data were analyzed using a Becton Dickinson FACS Calibur Cytometer.
MDr reversal by cytotoxicity assay
The MTT assay was performed to evaluate the chemosensitivity of OCP-L in A549 and A549/CDDP cell lines. The cells were plated in 96-well plates at a density of 5×10 3 cells/well. After 24 h, the cells were treated with varying concentrations of CDDP-S or OCP-L-3 and incubated for 48 h. The culture medium was replaced by MTT solution (5 mg/mL, 20 μL/well). After incubation for 4 h, the medium was removed and 150 μL of dimethyl sulfoxide solution was added. The absorbance values were measured at 490 nm using a microplate reader (Spectra Max M3, Molecular Devices, USA). This experiment was repeated three times.
Western blotting analysis
A549/CDDP cells were collected after 48 h of treatment with 32 μM CDDP-S or OCP-L-3 and processed for protein extraction and Western blotting using standard procedures as described earlier.
14 The protein lysates were separated in precast polyacrylamide gels containing sodium dodecyl sulfate and then transferred onto nitrocellulose membranes. The membranes were blocked with a blocking buffer containing 5% (w/v) skimmed milk. After washing thrice with Tris-buffered saline with Tween 20, the membranes were further incubated with a primary specific antibody at 4°C. After washing, the membranes were incubated with secondary antibody (KeyGEN Biotech, Nanjing, People's Republic of China). Protein bands were visualized using the G: BOX chemiXR5 and analyzed with Gel-Pro32 (Nanjing KeyGEN Biotech).
Results

cell uptake
To confirm that the OMI could facilitate cell uptake of OCP-L, the cellular uptake of CDDP in A549/CDDP cells was measured by ICP-MS. Compared with CDDP-S, a significantly improved cellular uptake was found in the A549/CDDP cells after treatment with OCP-L. As shown in Figure 1A and Table 1 , OCP-L-3 delivering CDDP showed a 5.1-fold increase in drug internalization over CDDP-S (32.02±0.53 ng/mg protein vs 164.24±1.96 ng/mg protein, P,0.001). It is worth mentioning that the cellular uptake of OCP-L was related to the concentration of OMI, and the highest uptake efficiency was observed in OCP-L-3 with an OMI concentration of 0.8%.
The cellular distribution of OCP-L was examined by high-content analysis, and the images are shown in Figure 1B . The green part indicated the Dir-labeled OCP-L, and the blue part represented the nucleus stained by DAPI. When the concentration of OMI was 0.4%, most of the green fluorescence was observed inside the cytoplasm and only a spot of green fluorescence was seen inside the nucleus. Interestingly, a stronger green fluorescent intensity was observed inside the nucleus after incubation with OCP-L-3, which indicated that this internalized OCP-L-3 could penetrate into the nucleus.
cellular uptake kinetics of OcP-l
There are several striking differences in cellular uptake kinetics properties between the CDDP-S and OCP-L-3. As shown in Figure 2A , the maximum amount of intracellular 
endocytosis pathways
To identify the uptake mechanisms involved in the cellular uptake of OCP-L, several specific inhibitors were employed to block the corresponding endocytic pathway ( Figure 2B ). Chlorpromazine dissociates clathrin from the surface membrane to inhibit the clathrin-mediated endocytosis. When the cells were preincubated with chlorpromazine, the uptake of OCP-L was reduced by 5.99%. Similarly, when the cells 
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OMi-cDDP-n-loaded liposomes for cancer therapy were preincubated with amiloride, an inhibitor for macropinocytosis pathways, the cellular uptake of OCP-L was reduced by 10.48%. Besides this, nystatin, an inhibitor for caveolin-mediated endocytosis pathway, also decreased the cellular uptake of OCP-L (reduced by 13.44%). 15 
cell apoptosis determination
As shown in Figure 2C , OCP-L had stronger apoptosisinducing capacity compared to CDDP-S. The A549/CDDP cells treated with OCP-L for 48 h had the total apoptotic ratio of 49.58%, much higher than 30.58% of CDDP-S. Moreover, A549/CDDP cells treated with OCP-L exhibited an increase in early and/or late apoptosis compared to the CDDP-S. These results suggested that OCP-L could enhance the cytotoxicity effects in A549/CDDP cells compared with CDDP-S.
MDr reversal
The 
Western blotting analysis
Some researchers had stated that the resistance mechanisms of A549/CDDP were related to organic cation transporter 2 (OCT2), ATPase copper-transporting beta polypeptide (ATP7B), hypoxia-inducible factor 1 α-subunit (HIF-1α), and phosphatidylinositol 3-kinase (PI3K)/Akt pathways. Therefore, Western blot was used to confirm whether the mechanisms of MDR reversal in A549/CDDP cells by OCP-L could attribute to OCT2, ATP7B, HIF-1α, and PI3K/Akt pathways. [16] [17] [18] [19] Figure 3A, C shows the expression level of OCT2 and ATP7B in A549/CDDP cells and the integrity ratio with glyceraldehyde-3-phosphate dehydrogenase after incubation with CDDP-S, OP-L, and OCP-L, respectively. Compared with the negative control, the expression level of OCT2 was not changed with the treatment of OP-L, but increased about 2.6-fold in the presence of CDDP-S and greatly increased about 5.2-fold when cells were treated , akt, and p-akt. expressions of OcT2, aTP7B, hiF-1α, akt, and p-akt were determined by Western blot. gaPDh and β-actin were used for equal loading. Data are presented as the mean ± standard deviation (n=2). *P.0.05, **P,0.05, ***P,0.01. Abbreviations: a549/cDDP, cDDP-resistant human lung cancer cells; akt, protein kinase B; aTP7B, aTPase copper-transporting beta polypeptide; hiF-1α, hypoxiainducible factor 1 α-subunit; OcT2, organic cation transporter 2; cDDP, cisplatin; cDDP-s, commercial cDDP injection; gaPDh, glyceraldehyde-3-phosphate dehydrogenase; OcP-l, 3-octadecylcarbamoylacrylic acid-cDDP nanocomplexes-based liposomes; OP-l, blank liposome. 
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OMi-cDDP-n-loaded liposomes for cancer therapy with OCP-L. Interestingly, compared with the negative control, the ATP7B level increased in the presence of CDDP-S but decreased when cells were treated with OCP-L, which indicated that the ATP7B expression on the surface of A549/ CDDP cells was greatly inhibited by OCP-L. Meanwhile, compared to OCP-L, the ATP7B expression in A549/CDDP cells was not obviously changed in the presence of OP-L. Therefore, the notable inhibition of ATP7B expression in A549/CDDP cells by OCP-L could attribute to the incorporation of OMI into the liposome.
To investigate whether OCP-L could affect the expression of HIF-1α in A549/CDDP cells, the level of HIF-1α was determined by Western blot. As shown in Figure 3B , D, the level of HIF-1α for CDDP-S was 1.4-fold higher than that of the negative control but reduced after the treatment of OCP-L. Moreover, the HIF-1α expression in A549/ CDDP cells for OCP-L was 1.7-fold higher than that of OP-L. OCP-L also exhibited inhibition effect on the p-Akt level ( Figure 3B, D) . Compared with negative control, the levels of p-Akt were decreased after treatment with three formulations at 48 h. Also, cells treated with OCP-L showed the lowest level of p-Akt (P,0.001), indicating that OCP-L could increase apoptosis through inhibiting the PI3K/Akt pathways in A549/CDDP cells.
Discussion
In this study, we found that OCP-L, as a novel drug delivery system, could effectively circumvent MDR phenotype in A549/CDDP cells. Figure 4 shows the schematic of OCP-L to circumvent MDR in A549/CDDP cells. OCP-L exhibited increased intracellular uptake of platinum by simultaneously exerting the "perturbation" effect of OMI and endocytosis pathway of liposomes. OMI is a linear unsaturated fatty acid with an amphiphilic structure consisting of a lipophilic octadecyl tail and a hydrophilic carboxyl head portion. These long unsaturated carboxylate complexes could increase the permeability on the cell membrane through the "perturbation" effect, resulting in much more intercellular uptake of active CDDP and OCP-L. In addition, endocytosis was one of the pathways to internalize OCP-L into A549/ CDDP cells. Therefore, OCP-L could cross the cellular membrane in an "invisible" form that prevents the CDDP from being recognized by efflux pumps. The results from both ICP-MS and high-content analysis demonstrated that CDDP carried by OCP-L could be efficiently delivered into A549/CDDP cells.
In addition to the effect of OMI on cellular uptake, the insertion of the cis-unsaturated fatty chain of OMI will also affect CDDP efflux due partly to their influence on the expression of ATP7B. Overexpression of ATP7B was one of the major mechanism by which cancer cells developed MDR against CDDP. Evidences have demonstrated that the reduction of ATP7B expressions in CDDP-resistant tumor cells can prevent CDDP from pumping out. 20, 21 Our data demonstrated a significantly reduced expression level of ATP7B after treatment with OP-L and OCP-L ( Figure 3A , C). The main reason was that OMI-CDDP-N was synthesized through acid-labile monocarboxylato and an O→Pt Figure 4 Possible mechanisms for overcoming resistance in a549/cDDP cells using OcP-l. Abbreviations: a549/cDDP, cDDP-resistant human lung cancer cells; akt, protein kinase B; aTP7B, aTPase copper-transporting beta polypeptide; cDDP, cisplatin; hiF-1α, hypoxia-inducible factor 1 α-subunit; OcP-l, 3-octadecylcarbamoylacrylic acid-cDDP nanocomplexes-based liposomes; OcT2, organic cation transporter 2; OMi, 3-octadecylcarbamoylacrylic acid. coordinate bond, which could efficiently release charged active platinum and OMI into cytoplasm. However, Andersson et al have stated that this charged active platinum could not increase the expression of efflux pump. 22 Moreover, the lipophilic octadecyl tail of OMI had a notable inhibition effect on the expression of ATP7B.
The OCP-L was internalized in A549/CDDP cells through caveolin-mediated endocytosis pathway and macropinocytosis. Once uptaken into the acidic environment of the endosome, the OCP-L could release sufficient intracellular active platinum and OMI because of the acidlabile monocarboxylato and an O→Pt coordinate bond. The released OMI improved the endosomal membrane permeability by inducing transient pores on the endosomal membrane. After destabilization with the endosomal membrane, the OMI and active CDDP might be efficiently released into the cytoplasm.
HIF-1α has been recently recognized as a novel mediator of MDR. 23, 24 Ye et al 18 have reported that HIF-1α was overexpressed in both messenger RNA (mRNA) and protein levels in the A549/CDDP cells. Compared to negative control, OP-L markedly inhibited the expression of HIF-1α (P,0.05), suggesting that OMI could depress the HIF-1α function to some extent. Compared to OP-L, the expression of HIF-1α increased after treatment with OCP-L, which indicated that the released active platinum had a positive effect on the expression of HIF-1α. In contrast, the cells treated with CDDP-S showed the highest level of HIF-1α, revealing that the mechanisms of MDR reversal in A549/CDDP cells by OCP-L could attribute to the inhibition of HIF-1α expression. It is worthwhile to point out that OCP-L enhanced the cytotoxicity against A549/CDDP cells. This may be attributed to the following reasons: 1) the cellular uptake of OCP-L was efficient; 2) the pH-responsive release manner of OCP-L could maximally reduce CDDP degradation outside the cells; 3) OMI-CDDP-N complexes were synthesized through a monocarboxylato and O→Pt coordination, which was more efficient than CDDP because of the rapid hydrolysis; 4) the restoration effect on OCT2 expression and inhibition effect on ATP7B expression of OCP-L further increased intracellular active platinum concentration and enhanced cytotoxicity; and 5) the inhibition effect of OCP-L on HIF-1α and p-Akt level could increase the apoptotic of A549/CDDP cells.
Conclusion
In summary, OMI-CDDP-N-loaded liposomes were manufactured to reverse the MDR of CDDP. OCP-L exhibited OMI-dependent intracellular uptake and sustained nuclear retention on A549/CDDP cells. The MDR of OCP-L was reversed successfully against different mechanisms, including the restoration of the function of OCT2 to increase the uptake of CDDP, inhibiting the function of ATP7B to reduce efflux of CDDP, and inhibiting the activity of HIF-1α and p-Akt to recover the block apoptosis pathway. These results demonstrated that the OCP-L would be a promising drug delivery system for reversing the MDR of lung cancer.
